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Abstract
Maskless, Resistless lon Beam Lithography Processes
by
Qing J

Doctord of Philosophy in Enginesring -
Electrica Engineering and Computer Sciences

Univerdty of Cdifornia, Berkeley

Professor Tsu-Jae King, Chair

As the dimensions of semiconductor devices are scaed down, in order to achieve
higher levels of integration, optica lithography will no longer be sufficient for the needs
of the semiconductor indudry. Altenaive next-generation lithography (NGL)
approaches, such as extreme ultra-violet (EUV), X-ray, dectron-beam, and ion projection
lithography face some chalenging issues with complicated mask technology and low
throughput. Among the four mgor dternative NGL agpproaches, ion beam lithography is
the only one that can provide both maskless and resstless patterning. As such, it can
potentidly make nano-fabrication much dmpler. This thess invedigaies a focused ion
beam sysem for maskless, resdless paterning that can be made practica for high-

volume production.

In order to achieve maskless, resstless patterning, the ion source must be able to
produce a variety of ion species. The compact FIB system being developed uses a

multicusp plasma ion source, which can generate ion beams of various dements, such as



0., BF,', P ec., for suface modification and doping applications. With optimized

source condition, around 85% of BF,", over 90% of O," and P™ have been achieved.

The brightness of the multicusp-plasma ion source is a key issue for its gpplication to
maskless ion beam lithography. It can be subgtantidly improved by optimizing the source
configuration and extractor geometry. Measured brightness of 2 keV He" beam is as high

as 440 Alcr?-Sr, which representsa30” improvement over prior work.

Direct paterning of S thin film using a focused O, ion beam has been investigated. A
thin surface oxide film can be sdectively formed using 3 keV Oy" ions with the dose of
10" cm®. The oxide can then sarve as a hard mask for paterning of the S film. The
process flow and the experimenta results for directly patterned poly-S festures are
presented. The formation of shdlow pn-junctions in bulk dlicon wafers by scanning
focused P" beam implantation a 5 keV is dso presented. With implantation dose of
around 10'° cmi?, the dlectron concentration is about 2.5 10™ cmi® and dectron mohility
is around 200 cn/V>s. To demongtrate the sitability of scanning FIB lithography for the
manufacture of integrated circuit devices, SOl MOSFET fabrication using the maskless,

resstless ion beam lithography is demonstrated.

An aray of microcolumns can be built by dacking multi-aperture electrode and
insulator layers. Because the multicusp plasma source can achieve uniform ion dendty
over a large area, it can be used in conjunction with the array of microcolumns, for

massively paralel FIB processing to achieve reasonable exposure throughput.
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Chapter 1

Introduction

1.1  Background

Moore's Law states that the number of devices on a chip doubles every 18 months?
Lithography advancements, increased wafer dze and desgn innovaion are three man
condtituents of the technology improvements that have kept the industry on this pace for
more than 30 years. Among these threg, lithography is the most important driver since
roughly haf of the dendty improvements have been deived from improvements in
lithography. 2° Without the continuous improvements in lithographic process and
equipment technology, persond computers, cell phones, and the Internet would not be in

widespread use today.
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To obtan the desred festure Sze, the semiconductor industry has relied on optica
lithography for nearly three decades. The resolution of an optica lithography system is

usualy expressed in terms of itswavelength | and numerical aperture (NA) as

. |
Resolution = k; v @

where ki factor is the process-dependent coefficient of the resolution criterion for a
diffraction limited lens. As shown in Fig. 1.1, the characteristic wavelength has decreased
from G-line a 435 nm to I-line & 365 nm, which was followed by a switch to excimer
laser sources with KrF at 248 nm, ArF a 193 nm, and is currently migrating to 157 nm.
Optical lithography is expected to continue as such through the 65 nm node? through the
goplication of resolution enhancement techniques such as off-axis illumination (OAl),
phase shifting masks (PSM) and opticd proximity corrections (OPC). However, optical
lithography will be reaching its limits, and the extenson of the roadmap requires the

development of the next generation lithography technologies.



1.2  Next generation lithography techniques

The next generation lithography techniques have been explored for beyond the 100nm
lithography node. There are four dterndive technologies for a next generation
lithography tool: Extreme Ultra Violet (EUV) lithography, X-ray lithography, eectron

beam lithography and ion beam lithography.

1.2.1 ExtremeUltraViolet (EUV) lithography

Figurel.2  Schematic diagram of the EUV lithography system.*

In principlee EUV is a logicd extenson of optica lithography to very short
wavdengths. A schematic diagram of a EUV lithography tool is shown in Fig. 1.2. A

laser-induced Xe plasma or synchrotrons radiation is used to generate 13-nm-waveength
3



EUV, which is collected by condenser optics and focused as a narrow arc of illumination
onto a reflective reticle. The reticle is imaged onto the wafer usng 4 reduction optics
redized by four mirrors coated with multilayers of Mo/S. # It has been demonstrated that
al the components of EUV technology can be integrated into a fully functiond prototype
EUV exposure tool, which can pattern 70nm features, >°

Currently, the EUV source and multiplayer-coating masks are the most chdlenging
hurdes facing EUV lithography. A high power source that can support an exposure tool
throughput of sxty 300 mm wafers per hour is required to assure EUV for massve IC
production. Since even very smdl (30A) defects in the multilayers can print unwanted
festures on the wafer,? another serious issue for EUV lithography is in creating multilayer

coating masks with no defects.

1.2.2 X-ray lithography

X-ray lithography has been under development since the early 1980s, reaching an
advanced level of performance once the 1x mask-making had been solved and the
gynchrotron radiation x-ray source adopted. The main technicd limitation of x-ray
lithography is mask making, as the 1x retide must be manufactured, compared to 4x or
5x as for other sysems This places x-ray lithography used mainly on the pattern
generation machines, which are not yet capable of ddivering the throughput and accuracy
acquired for next generation lithography tools.”

Research has demonsirated that devices can be scaded down to sub-20 nm and
smadler®° therefore much shorter wavelength radiation need to be considered for

patterning such smal features.



The wavelength for charge particles, such as eectrons and ions, can be caculated
usng the following formula

h

\/ME/2

where h is Plank congtant, m is the mass, and E is the energy of the charge particle. For

2

100 keV electron beam, the wavelength is about 4 10" nm, while for 100 keV helium ion
beam, the wavelength is about 5 10° nm. The higher the mass and the energy of the
paticle, the shorter is the wavdength. Ingead of being diffraction limited, the dectron
beam or ion beam lithography tool are limited by the aberration of the opticd desgn.

Theoreticdly, they can be used as lithography tools at 30 nm node and beyond.

1.2.3 Electron beam lithography

There are two mgor €dectron projection lithography schemes: the scattering with
angular limitation projection dectronrbeam lithography (SCALPEL) approach started at
Bel Laboratories® and the projection reduction exposure with variable axis immersion
lenses (PREVAIL) which is pursuing by IBM in cooperation with Nikon. 213

The SCALPEL approach combines the high resolution and wide process latitude
inherent in dectron beam lithography with the throughput of a pardle projection sysem
and avoids the problems of gencil masks. As shown in Fig 1.3(a), in the SCALPEL
gysem, a mask consgging of a low aomic number membrane and a high aomic number
patern layer is uniformly illuminated with high energy (100 keV) dectrons. The entire
mask gdructure is essentidly trangparent to the dectron beam and little of its energy is
deposited there. The portions of the beam that pass through the high atomic number

pattern layer are scattered through angles of a few miliradians. An gperture in the back
5



focd plane of the dectrons produces a high contrast image a the plane of the

semiconductor wafer.t

| I —
B ) | Beam deflection
Curvilinear axis ! axia shiting yokes

Scatering Mask

Muminator

Deaflecton at rat o= 1urnm subliehd

t i mm VW Uy

o | b‘ Raticla

| B b Collimator
i u——-—“J;J
' Contrast
) . aparture
Daflection at walar |- ) P Piojactor

Image in resist on £25mm
Wafer '
i Waler

Lens

SCALPEL Aperture

Lens

Figure1.3  (a) Schematic diagram of the SCALPEL step-and-scan system'?,
(b) Schematic diagram of PREVAIL imaging concept of curvilinesr
varigble-axis lenses. 12
Figure 1.3(b) shows the basc PREVAIL imaging concept. The illuminator is a
megnetic lens system providing illumination for each subfidd pettern by imaging a 1" 1
mm shaped beam onto the reticle Collimator and projector lenses are forming an
antisymmetric telecentric doublet known to inherently have a minimum of geometric
aberrations. The curved beam path schemaicdly illustrates illuminaion and imaging of a
aubfidd at the edge of the opticad field of view. The PREVAIL technique permits shifting
of the dectron opticd axis dong a predetermined curvaiure, while smultaneoudy
deflecting the electron beam to precisdly follow the curvilinear varigble axis. 12
The supreme chdlenge facing dl e-beam lithography approaches has been and 4ill is
throughput in wafers per hour. Throughput in edectron-beam lithography (EBL) is
directly proportiona to the tota beam current ddivered to expose a resst-coated wafer.

6



High beam current produces increased blur, which limits lithography resolution. For a
sgngle beam, it will be increasingly difficult to obtain throughput due to eectron-eectron

interaction. Multiple beam system is one of the solutions to overcome this problem.

1.2.4 |on beam lithography

Efforts have been devoted to developing ion projection lithography (IPL) in Europe
and Unite States. Figure 1.4(a) shows that IPL uses the same principles as optica
seppers with mask patters being printed to resst coated wafer substrates. Hydrogen or
Helium ions are extracted from an ion source. Multi-electrode eectrostatic ion optics is
implemented to generate a broad ion beam illuminating the reticle and to project the
image of the stencil mask patterns to the wafer substrate. * Lines with 50 nm in width
can be printed with an exposure dose of 0.3 nClen? of 75 keV He' ions into standard 300

nm thick DUV resist (Shipley UV Il HS). *°

10 pmvirtual source size diameter

-]
lon Source III 1 eV (FWHM)energy spread

Aluminum )
Lens Electrode ____ e— Siffied Vi et
L]
Insulator - _ iNMumination
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system

Stencil Mask ==
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lon-optical
column

Multi - Electrode
Electrostatic
lon-Optics

A

-5 @
10 ~ Numerical Aperture

chromatic blur || geometric blur
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/} ) l l l l XY
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> g
-] | . |
1 | O
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Electrode Lenses Wafer o J

WATER JACKET

MAGNETIC FILTE

(b)
Figurel4  (a) European MEDEA lon Projection lithography.'* (b) Schematic of lon
Projection Lithography in LBNL.*®

The thickness of a sencil mask is only of a few microns, therefore it is very fragile and
hard to handle. Fabrication of a stencil mask is very codly, smilar to the mask involved
in dectron beam lithography. The Maskless Micro-ion beam Reduction Lithography
(MMRL) *® scheme shown in Figure 1.4(b) is to completdly diminate the first stage of
the conventiond IPL system that contains the complicated beam optics design in front of
the stencil mask and the mask itsdf. The main components of the MMRL system congst
of a multi-cusp plasma generator, a multi-beamlet extraction system, and an accelerator
column for beam reduction. A universd pettern generator, with an array of multi-beamlet
goertures, which can be individudly switched on or off by biasng each gperture in the
second electrode with respect to the first, is used to generate any desired pattern to be
projected onto the wafer subdrate. Feature Sze as smdl as 166 nm has been

demonstrated. '



lons are much heavier than eectrons. Therefore, the wavelength of ions is two orders
of magnitude shorter than eectrons a the same energy. lon beam resolution higher than
electron beam may be achievable. The actud beam Sze achieved by an ion projector is
governed by ion source parameters (virtua source size, energy Spread of the extracted
ions) and errors of the eectrogtetic lens system.
Another advantage of using ions over eectrons is tha ions experience much reduced
backscattering and proximity effect. Ressts are more sendtive to ions too, which results
in potentidly higher throughput. However, it may bring in shot noise problem in ress

exposure. 18

1.3 Maskless, resistlession beam lithography
1.3.1 Moativation

As mentioned above, sgnificant chdlenges exis today for each of these techniques
issues with complicated mask technology for EUV, X-ray and projection ion-beam;
issues with photoresst materid and proximity effect for e-beam lithography. A lot of
progress has been made on non-conventiond lithography techniques such as nanoimprint,
but none can do without masks'%2?

This thess is to develop a maskless, resstless ion beam lithography process. By
eiminating masks and ress, not only dl the rdaed issues will be diminated, but aso
the processes will be much cheaper and much smpler. Such technology would have
enormous codt savings for the semiconductor industry by diminating technology efforts

for mask developments, defect detection, and defect correction. Other advantages of a

maskless sydem ae the flexibility for the implementation of new desgn quickly,



producing chips with difference functions on the same wafer, which would save the
industry millions of dollars by dlowing rgpid implementations of performance and yidd

improvements.

1.3.2 Maskless, resistlession beam lithography processes

Focused oxygen ions can be used to form a thin dlicon dioxide layer on the slicon
surface, which serves as a hard mask in reactive ion etching process when patterning the
gate area. Focused boron or phosphorus ion beams can be directly implanted to form
shdlow junction. Fig. 1.5 shows a plane view of a SOl MOSFET. Both source/drain area
and gate can be patterned using focused oxygen ion beam, and source/drain area can be

selectively doped with FIB. Thereis no mask and resist involved in the whole process.

MOSFET

Selectively FIB-doped
source/drain region

Gate electrode patterned
using hard mask (FIB
lithography)

Figure 1.5 MOSFET fabrication using maskless, resistless ion beam lithography.
10



The development of a maskless, reddtless ion beam lithography system has been
caried out in Lawrence Berkeley National Laboratory. Fig. 1.6 shows the dedicated test
dand in a clean room facility. The basc components of such a sysem are the following:
(1) a multicusp plasma ion source, (2) a focused ion beam column, (3) a vacuum chamber
with a typica base pressure of mid 107 Torr, (4) a vibration isolation plaform, (5) a
multi-axis stage for precise subgtrate positioning and scanning, (6) a load lock for sample

handling, (7) power suppliesfor system operation, and (8) a gas delivery system.

)C load lock

Figurel6  Pictureof dedicated test stand of maskless, resistiess ion beam lithography
system.

11



1.3.3 lon sourcerequirement

Hightresolution focused ion beams (FIB) have been gpplied in a number of
technologicdly important ways maskless implantation into semiconducting méaterids,
lithographic mask repair for visble light and X rays micromechining to creste
micrometer Sructures, deposdtion of materids from the vapor phase by ionrinduced
decomposition; modification of integrated circuits, falure andyss as pat of the
integrated circuit manufacturing process, and surface andysis?®2* In a conventiond FIB
system, a liquid-metd ion source (LMIS) is used to ddiver current in the range of a few
hundred pA into a spot size of gpproximatdly 50 nm.>® The disadvantage of the LMIS is
that it is limited to producing only cetan metalic dements such as gdlium. In recent
years, a new type of source, the gas field ionization source (GFIS) has been developed for
operation in a gaseous phase®® The GFIS is capable of generating high-brightness ion
beams of hydrogen, helium or neon that can be focused down to about 10 nm spot Sze.
However, there are some disadvantages of the GFIS. A sophisticated cryogenic system is
needed for maintaning a gas resarvoir a the “super-tip”. Also, the extractable current
typicaly decreases with increasing ion mass.

In 1970s, Sdliger et al 2 first attempted to use ion beams in transistor fabrication.
However, in order to achieve ressless lithography, the ion source has to be able to
produce variable ion species, such as oxygen, boron, and phosphorus. Multicusp plasma
ion source can generate various ion species, which makes resstless processes possible.
Chapter 2 will discuss the principle of a multicusp plasma ion source, summarize the
characterigtics, such as the energy spread of the beam extracted from the source, the

current dengty of the beam as a function of discharge power, extraction voltage, etc. The



production of oxygen, boron, and phosphorus ion beam and the direct patterning

processes will be presented in Chapter 5.

1.3.4 Throughput requirement

Throughput has hidoricdly been a prohibitive issue for FIB's gpplication to
lithogrephic processes in  semiconductor manufecturing. Clearly, in order for this
technology to be viable for high-volume manufacturing, dgnificant improvements in
beam brightness and current densty must be ataned to achieve higher process
throughpt.

Chapter 3 will present the spectral source brightness measurement, and then discuss
the improvement of the beam brightness. The beam brightness of a multicusp plasma ion
source can be subgantidly improved by optimizing the source configuration and
extractor geometry.

All-electrogtatic lenses are often used to focus massive particles such as ions because
round magnetic lenses have rather wesk focusng properties for ion. Chapter 4 will
present the design of a compact accelerator column for focused Q" beam formation. lon
transport code IGUN?® 30 and charge particle optics design software® provided by
Munro's Electron Beam Software Ltd. are used to analyze and optimize the performance
of such an acceerator column. Beam spot Size results will be presented, and dso
confirmed by experimental measurements.

The use of a multibeam approach can dso result in improved throughput while
maintaining pattern accuracy and qudity. Similar gpproach has adso been used in

maskless eectron beam lithography for throughput enhancement. 32%° Fig 1.7 shows the
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basc concept of the arrayed microcolumn approach. An array of miniaturized eectron
beam column is used to generate patterns in pardle to achieve high throughput. Patterns
can be written in either raster- or vector-scan mode with the beam scanning over only a
narrow dripe, with a laser-controlled stage moving continuoudy in the orthogond
direction to build up the complete chip pattern. The current in each beam can be
consderably reduced and at the same time, a high total current can be maintained at the

wafer surface,

SAFE MICROSOURGE
(5 pm dia. extrachor,
100 pm dia. anods)

LIMITING APERTURE
(25 pm dia)

8-POLE
SCANNER -
STIGMATOR

EINZEL LENB
m dia. electrodes
C%'}Uzgu pm spacing)

DETECTOR (REFL)

GRID SAMPLE

DETECTOR (TRANS.)

Figurel.7 (&) Schematic diagram of the arrayed microcolumn e-beam lithography
concept. (b) Schematic diagram of miniature e-beam column.®

The multi-beam focused ion beam lithography system is very damilar to the arayed
microcolumn e-beam sysem shown above, the difference is that only one multicusp
plasma source is used to generate uniform, larger area plasma. By applying different bias

on a sack of dectrodes with multiple apertures which act as extractors, the beam can be

14



turned on and off; therefore no mask is needed to generate different patterns. The detailed

discusson of the multi-beam system will be presented in Chapter 6.
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Chapter 2

Multicusp Plasma lon source for MRIBL

14  Overview of FIB

Focused ion beams (FIBs) have been used extensvely in the semiconductor industry
for many gpplications such as micromachining, mask repar, circuit modification and
falure andyss' As the laterd dimensions of semiconductor devices are scaled down,
next generaion lithography (NGL) technology will replace optica  lithography
integrated-circuit manufacture. Among four mgor dternative NGL approaches, ion beam
lithography is the only one which can provide both maskless and resistless patterning. As
such, it can potentidly make nano-fabrication much smpler. For this to happen, the ion
source must produce a variety of ion pecies.

Figure 2.1 is a plot of a conventiond FIB systent’, which consists of an ion source, a
condenser lens, a E B filter to sdect certain ion species, an objective lens to focus the
beam, and a sample holder. In such a system, a liquid-metd ion source (LMIS) is usudly
employed, which is limited to producing only certain metalic dements such as gdlium.
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Figure2.1 A conventiond FIB system: Source (LMIS), condenser lens, EXB filter,
objective lens, sample holder.*

There has been some research on direct depostion of insulator or metdlic materid
usng FIB system. Since LMIS is limited to Ga ion production, a certain precursor gas is
needed. The deposition process’ is illusrated in Figure 2.2: firgt, the precursor gases are
sorayed on the surface by a fine needle (“nozzl€’), where they are adsorbed; second, the
incoming ion beam decomposes the adsorbed precursor gases, then, the volatile reaction
products are desorbed from the surface and are removed through the vacuum system,

while the desred reaction products (W or SiO») reman fixed on the surface as a thin
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film. Using this approach, researchers have successfully deposit SO, ° and AW, W, P,
Cu onto S film,"*° S in GaAs film'. However, the deposited materid is not fully pure
because organic contaminants as well as Ga aoms (from the ion beam) are inevitably
induded in the deposited film.> Therefore, conventiond FIB sysem with LMIS is not
suitable for resstless lithography. lon source that can generate variable dements needs to
be investigated.

Another disadvantage of conventiona FIB lithography system is low throughput.
Although multiple beams can enhance the speed of exposure process, it isnot practica to
incorporate thousands of LMIS s together into one system. Fabrication, operation, and
maintenance of such ahuge syslem may be a nightmare. The current uniformity of each
single LMISwill dso increase the burden of control circuit. In aword, a uniform, large

area plasmaion source is one promising solution.
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Figure2.2  Direct deposition with precursor gas using FIB system.®



2.2 Multicusp Plasmalon Source

Plasma sources, in paticular multicusp generators, have been used for many
goplications, such as in neutrd beam injectors for fuson devices, particle acceerators,
ion implantation sysems, neutron tubes for ol wdl logging and proton thergpy

machines!® 3

2.2.2 Principle of multicusp plasma source
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Figure2.3  Schematic of a RF-driven multicusp plasma source

Figure 2.3 shows a schematic diagram of a RF driven multicusp ion source. The source

is surrounded with columns of permanent magnets. The surface magnetic fiedd generated
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by rows of pemanent magnets, typicdly of samarium-cobdt, can confine the primary

ionizing eectrons very efficiently.
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Figure24  Magnetic multicusp confinementsin cylindrica geometry, illustrating the
magnetic field lines and the congtant B surfaces near the circumferentia
wdls.

Figure 2.4 shows a cross-sectiond view of the source chamber and the magnetic fied
digribution. A uniform plasma is achieved with the multicusp ion source by aranging
the magnets around the source chamber in such a way as to generate line-cusp magnetic
fidds as shown in Fg. 24. The magnetic fidd drength B is a maximum near the
magnets and decays with disance into the chamber. Mogt of the plasma volume can be
virtudly magnetic fidd free, while a drong fiddld can exis near the discharge chamber
wadl, inhibiting plasma loss and leading to an increese in plasma dendty and uniformity.
Fig. 25 shows the radid density profile of a multicugp source. The capability of the
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multicusp source to produce large-area of uniform plasma enables one to generate
multiple ion beams from a sngle source The advantage of usng one source over
multiple sources is less probability of failure, which is proportiond to N2 (N is the

number of sourcesinvolved).
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Figure25  Radid densty profile of amultcusp source.

2.2.2 RF discharge plasma

Multicusp ion source plasmas are generated by ether filament dc discharge or RF
induction discharge. RF discharge is chosen over filament discharge because it can
genarate a higher densty and deaner plaama with a longer lifetime. Tungsen filament
cannot survive in oxygen plasma Only RF discharge can be used to generate oxygen
ions. Higher ion current dendty can be generated by RF induction discharge than
filament discharge because higher power dengty can be applied. Filaments are limited to
less than 250W of power, while RF can go as high as 5 to 10 kW. In a filament discharge
plasma, filament materid will be either sputtered or eveporated into the interior of the

chamber and cause contamination. The emitted materid could plug up the smadl
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extraction gperture of the FIB system as wdl. Quartz antenna is used in RF discharge
plasma generdtion. As a result, much cleaner plasma is produced. Findly, the lifetime of
an antenna is longer than a filament. Antenna lifetime grester than 500 hours continuous
wave operation has been demonstrated. 14

The RF antennas can be made of different materids. For example, metds such as
copper, duminum, and titanium have been used and can operate when left bare or coated
with porcdan or quartz. The porcdain or quartz coated antenna can withstand the ion
bombardment from the plasma and are protected againgt dectricd as wdl as thermd
damage. In addition, the coated antenna is energy efficient in plasma production since it
eiminates the direct contact between the plasma and the metdlic coil. Porceain-coated
antennas have been tested in hydrogen plasmas under cw operation for up to 20h a an rf
input power of 10 kW and tens of minutes at 20 kW, without any sign of degradation of
the antenna coating. At lower power levels (<5 kW), antenna lifetime in excess of 260 h
have been reported. '° However, if oxygen is used as the feeding gas, the porcdain
antenna cannot survive more than 10 h of continuous operation. *® " To address this
issue, two kinds of quartz antennas had been tested: a quartz tube that had a slver wire
indde and a quartz tube that had a titanium tube insde. The disadvantage of wire type
antenna to tube type is that in case of antenna fallure, the cooling water, which is flowing
indde the quartz tube lesks into the vacuum chamber. Titanium tube antenna is
gructurdly more rigid. Thus antenna failures, which are caused by mechanica sStresses of
fragile quartz tubes, are greatly reduced. If for some reason antenna fails during the
source operation, only ar will be lesked into the source. From the operationd point of

view, thisfailure is much easier to handle compared to water leskage. 1
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2.2.3 Axial energy spread
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Figure2.6  Axid plasmadensity (a) without and (b) with amagnetic filter.'®



As a source for lithography application, one of the most important parameters is the
energy spread. Low energy spread results in low chromatic aberration, which will ease
the design of ion optics for low energy focus ion beam system.

Severd factors can contribute to the energy spread. In the case without the magnetic
filter, the axid plasma potentid (Vp) profile in Fg. 26(8 shows that the plasma
potential decreases monotonicaly towards the plasma dectrode. A and B are the
maximum and minimum plasma potentia vaues where ions can be born. lons born at
postion A have more energy when they arive a the exit gperture than ions born in
positions B, given by the difference in potentid between the two points. Postive ions
generated a high Vp will reach the extractor as well as the ions crested at lower
potentids. Since the ions are generated a postions with different plasma potentid, they
will have a spread in axia energy when they arived a the exiraction gperture. In
addition, ionization may take place in the plasma sheath of the extraction gperture, which
may aso lead to an increased energy spread. 8

The magnetic filter placed in front of the extraction region as shown in Fig. 2.3 can
reduce the axiad energy spread of the ions. From the Vp digtribution measurement in Fig.
2.6(b), the presence of filters created a region with a reatively uniform Vp profile in the
discharge chamber region. Primary eectrons are confined in the source chamber by the
filter magnet fidds as wel as the multicusp fiddld on the chamber wdls The axid
potentia gradient in the extraction region produces no effect on the energy spread. Since
dl the podtive ions are produced within the source chamber region, they arive a the
plasma eectrode with about the same energy due to the uniform Vp digribution.

However, there is dill a smdl potentid gradient, given by the potentid difference
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between point A and B between the center and the filter region that causes a smdl spread.
18 The axia energy spread can be optimized to a vaue of 1eV or less®2!, which is much

smdler than other type of plasma source and LMIS.

2.3  Current densty of Multicusp Plasma lon source
2.3.1 lon extraction from a plasma source
The maximum ion current dendty that can possbly be extracted from the multicusp

source follows the Child-Langmuir law,

4 |2eU¥?
= 9%\ g (1)

where j is the current dengity of ions in the plasma, U is the voltage between the firgt and

the second electrode, d is the distance between the first two electrodes, m is mass of the
ions, and e is the permissivity congant. As shown in Figure 2.7, there are three cases of
ion extraction from plasma sources. (8) overdense plasma (when the plasma dengty is
relaively high andlor the extraction fidd is low, meniscus will be gpproximaiey
gphericd with its center of curvature ingde the plasma) (b) intermediate plasma (nearly
planar under optimum conditions) and (C) underdense plasma (when the plasma dnsty is
low or, correspondingly higher extraction field, meniscus is sphericd with the center of
curvature outsde the plasma). The miniscus shape of the plasma can be changed by

adjusting the voltage and distance of the extraction lens.
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The current dendty of multicsup plasma ion source has been measured as a function of
extraction energy, input RF power, and the source size. Figure 2.9 shows the st up of
measuring the current density of the source. The beam is extracted from the source
through a mm-diameter aperture and the current is detected by a Faraday cup, on which
apair of permanent magnet is mounted to prevent secondary electron from coming out.

|r 1mm |
<>

[med
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B
fl
b

Faraday cup

Figure2.8  Current dendty measurement setup.

2.3.2 Current dendgity asa function of extraction voltage

For a fixed extraction gap, the current dendty increases with the extraction energy.
When the applied extraction voltage is low, the plasma is overdense. lon beams are
extracted divergently and most of the current is blocked by the second dectrode (Fig
2.79). As the extraction voltage increases, the divergent angle becomes smdler and
amdler, leading to increasing current through the second aperture. The current density as

afunction of extraction voltage is shown in Figure 2.9.
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Figure2.9  Oxygenion current dengty asafunction of the extraction voltage.

2.3.3 Current density asa function of RF power

The extracted oxygen ion current was measured as a function of input RF power a a
gas pressure of 20 mTorr in the source chamber and extraction voltage of 5 kV. The
results are shown in Fg. 210. The higher the RF input power, the more plasma the
source will produce. Therefore, the more ion current can be extracted. When the RF
power is above 1500W, deviation from the linear trend is observed. Increases of RF
power result in higher plasma dendty. Therefore, the plasma is changing from baanced
condition to over dense condition as shown in Fig. 2.7. Beams become divergent and loss
of current may occur. Higher extraction voltage is needed to baance the increased plasma

densty indde the source. At an RF input power of 2500 W, the oxygen ion current

density can be as high as 120 mA/cnt.
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2.34 Current densty asa function of source size
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Figure2.11 Picture of multicusp plasma source with chamber diameter of 5cm, 7.5cm
and 10cm (from the I€ft to the right).



Table2.1 Antenna size for different multicusp plasma source.

Source Diameter (cm) 5 7.5 10
Antenna Loop Diameter (cm) 3 4.5 6.8

The dze of the chamber of the multicusp plasma source dso affects the extracted
current dendtity. Figure 2.11 shows a picture of three different Sze sources with their
antenna dimenson liged in Table 21: 5-cm-diameter source with a antenna loop
diameter of 3 cm, 7.5-cm-diameter source with a antenna loop diameter of 4.5 cm, and
10-cm-diameter source with a antenna loop diameter of about 7 cm. As is know, an RF
discharge is obtaindble usng an induction-coil antenna located insde the source. An
azimuthd dectric fidld is generated by the time-varying magnetic fied indde the antenna
loop. Electrons present in the gas volume are acceerated by the induced dectric fied,
and quickly acquire enough kinetic energy to generate a high-dengty plasma by ionizing
the background gas particles. This mode of operation is referred to as the inductively
coupled mode, and it is desrable for achieving a high plasma dendty in the region from
which the ion beams are extracted. If the antenna is too close to the wal, which happens
to the 5-cmrdiameter source, srong oscillating dectric fidds can essly be generated
between the antenna and the source chamber, resulting in a capacitivedly coupled
discharge in the source wal region. For this reason, it is difficult to operate a 5cm-diam
source with a 3cm-diam antenna in the inductively coupled mode, as compared to a 7.5-
cm-diam source with a 4.5-cm-diam antenna. For a big 10-cm-diameter source, the power
dengty in the source is lower than a 7.5-cm-diameter source a the same input RF power,

which results in lower current density. Fig. 2.11 compares the extracted current density of



these three different sze sources. Apparently, the 7.5-cm-diameter source produces the

highest current dendity a a given RF power.
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Figure2.12 Comparison of oxygen ion current dengty for different sze
multicusp sources.

24  Sourceswith external antenna

For the RF source discussed above, plasma is generated using an internd antenna
Studies have shown that exterrd antenna can dso produce induction RF discharge.
Figure 2.13 shows the schematic diagram of externad antenna RF-driven source and a
picture of the ignition of a hydrogen plasma using it. Instead of exposing to the plasma,
the externd antenna is wound around outside the quartz chamber. No ion bombardment
occurs, which results in longer lifetime of the antenna. Even if the antenna fals, it won't
affect the vacuum sygem. In addition, it is quite easy to exchange. Externd antenna

source is easy to scale to Sze of as smdl as 1 cm diameter®?, and to size of as large as



over 10 cm diameter. Therefore, it can be eadly adopted as a source for ether a single

beam system or a multiple beam system.
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A
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Figure2.13 (8 Theignition of hydrogen plasmaand (b) the schematic diagram of the
externa antennainductive plasma source.



Figure 2.14 shows the extracted beam current densty from an externd-antenna and
internd-antenna generated hydrogen plasma, operating a the same extraction voltage.
When operating a the same RF input power, the beam current dendty extracted from the

externa-antenna source is higher than that of the interna antenna source.
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Figure2.14 Comparison of hydrogen ion current density extracted from an externa
antenna.and interna antenna source.

Beam Current Density (mA/cm’)
AN
.\

Smply by changing to negative extraction voltage, eectrons can be extracted from the
source using the same column. Figure 2.15 shows the eectron current density produced
by the external antenna source. At an input power of 2500 W, eectron current density of
2.5 Alcen? is achieved a 2500 V, which is about 25 times larger than ion production. It

indicates that such a source can aso be used in eectron projection lithography.
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Figure2.15 Electron current dengity extracted from an externa antenna source.
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Chapter 3

Beam Brightness of Multicusp-Plasma lon Source

3.1  Brightness
The foca properties of a FIB sysem depend strongly on the source parameters.

Usually two kind of brightness are used to characterize source or beam property.

3.1.1 Sourcebrightness

The source brightness b, defined as angular current dengity divided by the effective 34
or virtud source Sze % dy, is taken as a measure of source qudity. The virtual source
sze d,, magnified or demagnified by the imaging system, limits the smdlest focused spot
gze, while chromatic and geometric aberrations, caused by physical beam properties (e.g.
energy spread and angular divergence), further broaden the beam. However, in order to
take chromatic aberrations aso into account, one compares the spectrd brightness b

which is defined as source brightness divided by source energy spread,

b, = v )
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where |y is the angular current dengty of the source, DE is the axia energy soread of the

ions'.

3.1.2 Beam brightness

Similar to source brightness, the beam brightness is defined as

I I J
B= Wo— = _
o2 prian W )

where by is the angular current dengty, r is the radius of the beam spot a that plane, | is
the total beam current, W is the solid angle of the beam, and J is the current dengity at that
plane. The s0lid angle into which a source emits ions is changed if a voltage Vs exists
between the source and the point of measurement. This is dmost dways the case, and the
gpecific  brightness (normdized brightness b=B/Vs is a more appropriate parameter.

Nevertheless, the brightness B is most often quoted.

3.1.3 Comparison of brightness of different source

Table3.1 Characterigtics of different source types, in terms of virtua source-size D,
energy spread DE, angular current dengty Iy, brightness b, and spectral
brightness bs. *
lw b=lw/(pd?4) | b<=b/DE
Dv(m) | DEEV) | aisy | (Alamds) | (AlePSrev)
Convertiond | 5 4 e 5 3 103 102 10
Plasma Source
LMIS 50 5 20 10° 10°
GFIS ~1 1 0.1 10’ 10’
Supertip GFIS ~1 1 35 5 10° 5 10°




Table 3.1 shows important parameters of conventional plasma source, LMIS, GFIS,
and supertip GHS. Conventiond plasma source, dthough providing the highest current
angular dengty Iy, produce dill the least brightness due to its largest virtud source size

(=50 mm).

3.1.4 Requirement of brightness

The brightness of a multicugp-plasma ion source is a key issue for its application to
maskless ion beam lithography. If an aray of 1000x 1000 independently controlled
beamlets is used to expose a wafer, the brightness for each beamlet a the entrance of the
objective lens needs to be ~1000 A/cn?Sr, in order to achieve exposure throughput of
sixty 300-mm-diameter wafers per hour.® The brightness of the source is proportiond to
the current dendty of the source. For a 80W filament dc-discharge multicusp plasma
source, one can achieve an output current density of 3 mA/cnt a a discharge power of 80
W. Scipioni et al. reported the image-side beam brightness (at 30 keV) of 1650 A/cn?Sr
for this kind of source* For a RF-driven source, Scott et al. recently reported the
measured beam brightness of a 5-cm-diameter multicugp-plasma ion source to be less
than 15 Alcnm?Sr a 3 keV beam energy, usng 5-mmidiameter extraction apertures®
which fdls far short of the brightness requirement. In this chapter, methods of improving
source brightness and messurement of both gpectrd brightness and beam  brightness will

be presented.



3.2  Spectral brightness measurement
3.21 Experimental setup

In order to measure the brightness of the source, ions are extracted from the source
through a two-dectrode column. The first eectrode with an aperture of 1mm in diameter
is a the same potentid as the wal of the ion source. The second eectrode with an
gperture of 0.1 mm is biased a -600 V rdative to the first eectrode and serves as a

collimator. Downstream, the beam can be further focused down.

>ﬁ

Virtud
Source

i<l

‘c
|

d V %’h_ﬁu)}rl‘ ,:

I Scan \

w - Faraday Cup

T D]

Second Knife Edge
Electrode

Figure3.1  Schematic layout of the experiment for virtua source Sze measurement.

Argon gas was fird used to test the source, because it has dmost the same mass
(Mma=40) as Oy (Mp,'=32). In this expeiment, the filter was not mounted in the
multicusp plasma source; therefore the energy spread was expected to be about 6 €V. In
order to evauate the Ar* beam brightness, a slicon knife edge controlled by a Burleigh

inchworm X-Y-Z stage and a Faraday cup were inserted after the first two extraction
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eectrodes for current didribution and virtud source Sze measuements. The
experimenta  arrangement is shown schemdicdly in Figure 3.1. The dglicon knife edge
can move in X, y, and z direction in steps of 50 nm. The beam current didtribution was
measured by scanning the slicon knife edge across the beam and recording the beam

current collected by the Faraday cup as afunction of r.

3.2.2 Resultsand discussion
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Figure3.2  Collected beam current vs. knife edge postion (r), for various z locations.
Beam energy is600 eV.



Figure 3.2 is a plot of Ar" beam current digtributions a different vaue of z, for an
extraction energy of 600 eV. The verticd axis is the normalized collected beam current.
The horizontd axis is the radid podtion r of the knife edge redive to the second
electrode. When the knife edge is not blocking the beam, the passing beam collected by
the Faraday cup is 100% of the total extracted beam which is aout 0.1 mA. When the
knife edge totaly blocks the beam, none of the Ar" ions can reach the Faraday cup and
thus the collected beam current collected is zero. All the beam current distribution curves
intersect a the same point where the passing beam current is 50%. The rise of the beam
digribution from 20% to 80% is used to define the beam sze. From Fig. 3.2, the beam
Sze increases as the pogtion of the dlicon knife edge moves away from extraction

electrodes, indicating that the beam is divergent when extracted.
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Figure3.3  (a) Extracted Ar" beam envelope from 20% to 80% of the total beam.
Straight lines were used to fit beam trgectories in the field-free region.
(b) Zoontin picture of the virtua source region. The virtua source size of
the new FIB system is about 3 mm in diameter.

When the beam enters a fidd-free region, the trgectory of the beam should be a
draght line. The virtua source is the minimum width of the beam envelope when these
beam trgectories are projected backwards. Fig. 3.3(a) shows the beam envelope of the
extracted beam. The data points on the same beam trgectory in Fig. 3.3 were derived
from Fg. 3.2 with the same normaized beam current a different knife edge postions.

Straight lines (leet mean sguare method) were used to fit the beam trgectories By



extrapolating these lines backwards to their intersection, the virtua source size was found
from the smalest width to be about 3 mm. Fig.3.3(b) shows the zoomtin plot of the
virtual source region.

Based on the virtud source Sze messurement, the angular current dengty of the
extracted Ar" beam is 84.6 mA/Sr and the virtud source is about 3 mm in diameter.
Congdering that the extractor dso has a lens effect, the measured virtud source sze
using the method described above can be expressed as the following if only the chrométic

aberration is consdered:

d ’ = dv2 + dchr2 (3)

v_measured

where

DE
d, =C.— 4
chr cEa ()

C. is the chromatic aberration coefficient, DE is the energy sporead and a is the beam-
limiting aperture hdlf angle®. Since the energy spread of the multicusp source including
the magnetic filter can be reduced to about 1eV,° the actud virtual source size is expected
to be smdler than 1 nm. The spectra brightness defined in equation (1) that this new
FIB sysem can achieve achieved a extraction energy of 600eV is better than 10°

Alcn?SreV.

3.3 Beam brightness measurement
As shown in Egn (2), for a fixed solid angle, higher current dendty a a given plane
results in higher brightness. Two gpproaches have been taken to improve the brightness

of a multicugp-plasma ion source increasing the tota beam current extracted from the
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source, and reducing the focused beam spot Sze. Firg, a larger source (7.5 cm in
diameter) is employed to achieve higher source current density. Second, a counter-bored
extraction gperture is used to achieve smdler focused beam spot sze with much reduced
aberration. With increased RF power, the brightness of the multicusp-plasma ion source

can be aufficently high to make it suitable for goplication to high-throughput maskless

lithography.

3.3.1Increasing total beam current

Figure 3.4(a) shows the cross-sectiond view of a RF-driven multicuso-plasma ion
source. An RF discharge is generated using an induction-coil antenna located indde the
source. As shown in Figure 34(b), an azimuthd dectric fidd is generated by the time-
vaying magnetic fidd ingde the antenna loop. Electrons present in the gas volume are
accderated by the induced azimuthd dectric fidd, and quickly acquire enough kinetic
energy to generate a high-densty plasma by ionizing the background gas paticles. This
mode of operation is referred to as the inductively coupled mode, and it is desrable for
achieving a high plasma dengty in the region from which the ion beams are extracted. |If
the antenna is too cdose to the wal, drong oscillating eectric fidds can easly be
generated between the antenna and the source chamber, resulting in a capecitivey
coupled discharge in the source wal region. For this reason, it is difficult to operaie a 5
cm-diam source with a 3cm-diam antenna in the inductively coupled mode, as compared
to a 7.5-cm-diam source with a4.5-cm-diam antenna.

Figure 3.5 compares the extracted He" beam current densities for the 7.5-cm-diam and

5-cm-diam sources.  The current dendty of the extracted beam increases with RF power



for both sources. At 1 kW of RF input power, corresponding to the source operation
condition in Ref. 3, the 7.5-cm-source provides ~3 times higher current dengity than the
5-cmsource. . This difference may be dtributed to the different modes of source
operation as discussed in the last paragraph. The current density for the 7.5-cm-diam
source is over 100 mA/cn? a 2.5 KW of RF power, which is ~10 times larger than that of

the 5-cm-diam source operating at 1 kW of RF power.

Gas Inlet — —

Permanent
Magnets

(@)
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Capacitively coupled
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Figure34  (a) Cross-sectiond view of a RF-driven multicugp-plasma ion source. (b)
Top view of the source. Two modes of plasma generation: capacitively
coupled and inductively coupled discharge.
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Figure 3.5 Comparison of extracted beam current densties for different size

multicusp-plasmaion sources.

3.3.2 Reducing focused beam spot size

The effect of the two different extractor geometries on beam aberrations has been
investigated:  “through-hole’ and counter-bored hole. As shown in Figure 3.7, the
through-hole consgs of a uniform-diameter (50 mm) aperture, 250 mm deep; the diameter
of the counter-bored hole changes from 50 nm (for the first 250 nm of depth) to 300 Mm

(for the second 250 nm of depth) facing downstream.
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Smulations were performed using the Munro code” and the results are summarized in
Table 3.2. The aberdion for the through-hole aperture is much larger than the focused
Gaussan beam spot Sze. For an image 1 mm away from the extraction aperture, both
geometries provide ~ 4 times reduction in image dze. The through-hole generates amost
one order of magnitude higher aberrations (spherical, coma, fiedd curvature, astigmatism,
and digortion) than the counter-bored hole. Thus, the counter-bored-hole geometry can
substantidly reduce the beam aberrations and hence the focused beam spot sze Ray
tracing Smulations were aso performed using the SORAY program in Munro code’, and
the results are shown in Fig. 3.6. For the through-hole geometry, the overal beam sze a
the image plane is around 36 mm, however, for the counter-bored-hole geometry, it is

around 12 nm. They match with the resultsin Table 3.2 very well.

Table3.2 Comparison of smulation results for a 50 nm through-hole and counter-
bored extraction gperture. The image is 1 mm away from the extraction

aperture.
Overdl | Gaussian Aberration (mm)
Extraction | image image Field
geometry size Size Spherical | Coma cur\I/ ature Astigmatism | Distortion | Chromatic
(mm) (mm)
Thr:gluegh 49 164 | 143 | 314 | 276 16.8 3.39 219
Counter-
bored 139 13.1 158 2.99 231 113 0.24 149
hole

A dmple exposure experiment was performed to verify the smulation results (Figure
3.7). A 2 keV Ar" beam generated by a multicusp ion source operating at 500 W RF
power was used to sputter a thin metal foil coated with dry erase ink for about 90

seconds.  The target was located a 1 mm away from the extraction gperture. With a
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through-hole extraction aperture, a spot Size of 56 nm was obtained. In contrast, a spot
sze of 125 nm was achieved with a counter-bored aperture. These results agree with the
amulation results very wdl. With a counter-bored extractor, the focused beam spot size

is aout four times smdler, yidding another factor of ten increase in focused beam

current dengty.
@ 0 L
50 nm / .
/, // [T
Extraction Egtﬁt 4 li
dectrode g line
(b) | [ ] [ ]
\ \
+——ﬂé] _:—i 3— |
50 nm —
Y

Figure3.6  Ray tracing results usng SORAY program in Munro code. (a) counter-
bored- hole geometry and (b) through-hole geometry.
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Figure3.7  Comparison of exposure results usng (a) counter-bored hole and (b)
through hole as extraction aperture. 2 keV Ar" beams generated by a
multicusp source a 500 W RF power were used to sputter a thin meta foil
for about 90sec. The target was located 1 mm away from the extraction

aperture.

3.3.3 Experimental setup

The satup for the brightness measurement is shown in Figure 3.8. A hdium plasma,
generated by a 7.5-cm-diameter source, was used to illuminate a 50-nm-diameter
counter-bored extraction aperture, which was at the same potentiad as the source chamber.

The brightness anadyzer was postioned 1 mm away from the extraction gpertures to
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measure the beam profile. By scanning the voltages applied to deflector plates, the beam
was swept over a 100 nm dit located beyond the eectrodes. Any current pessing the dit

was measured by a Faraday cup.

RF Generator

Matching
Network

Multicusp > KV Extraction HV
Plasma Power Supply
fon Source il v

1mm 50 mm counter-bored

GND %7 Aperture
A

5 nm Secondary
Aperture
5cm
Deflector 6.6.cm
Y
100 nm Slit _Y

q Faraday Cup

Figure3.8  Expeimenta sat-up for brightness measurement.



The experimenta setup was the same as for the prior work in Ref. 3, except for the

falowing:

1.

2.

A 7.5-cmdiameter source was used instead of a 5-cm-diameter source. As
mentioned above, the larger source is more easily operated in the inductively
coupled mode, which provides a higher plasma dengity.

A 50 mm counter-bored aperture was used to extract the ion beam instead of a 5
nm through-hole aperture. The focused beam spot sze is smaller, due to reduced
aberrations.

The beam energy was 2 keV insead of 3 keV. No bias voltage was applied
between the source and the extractor.

To prevent the secondary 5 mm gperture from being damaged by the beam, the RF
and extraction high-voltage power supplies were pulsed a a pulse width of 0.12
second and a duty factor of 2%, except for the data measured at 2500 W RF
power. At 2500W RF power, the plasma is operated under CW mode, only the

extraction high voltage power supply is pulsed.
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Figure3.9  Beam profile at the 100 nm dlit, for 1.0, 1.5, and 2.5 kW RF power.

3.3.4 Resultsand Discussion

The beam profiles a the 100 mm dit for RF power of 1.0, 1.5, and 2.5 kW are shown
in Figure 3.9. The beam semi-angles are dl ~27 mrad for the different power levels. The
tota beam current passing through the secondary 5 mm gperture can be caculated by
integrating the beam profile. Thus, the current dendgty a the secondary aperture can be
eadly obtained. The beam brightness was determined using Egn. (2), and the results are
shown in Figure 3.10. It can be seen that the beam brightness increases with RF power,

reeching 440 A/lcnfSr at 25 kW. Compared to the previous results’, a factor of 30

improvement in brightness is achieved.
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Figure3.10 Brightnessof 2 keV He" beams as afunction of RF power.

34  Summary

In summary, it has been experimentaly demonstrated that a beam of Ar" ions can be
extracted from a multicusp plasma source usng an dl-eectrostatic accelerator column.
The extracted beam current after collimator is about 0.1 mA, and the spectrd brightness
of this ion source is better than 10 A/cn?SreV a beam energy of 600 eV, which is
about three orders of magnitude higher than that of the conventiond plasma sources. The
brightness of the beam extracted from a multicusp ion source can be high if it is operated
in the inductively coupled mode and if the beam extraction system is optimized to reduce

aberrations. For a 7.5-cm-diameter source with a 50-mm  counter-bored extraction
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aperture, the measured brightness (440 Alcn?Sy) is significantly higher then in previoudy
reported work. Additiona increases in RF power as well as improved source design are
being invedtigated to further improve the brightness in order to meet the requirement of
1000 A/cn?Sr for high-throughput maskless lithography .

As shown in Section 3.3.1, the current densty extracted from the source is as high as
100 mA/cn?. If the demagnification factor of the downstream lens is around 10X, the
focused current density can reach 10A/c?. A comparison of the spectral brightness for
different types of sources is shown in Figure 3.11' The horizontd axis is the spectrd
brightness of the source, while the verticd axis is the focused current dendty a the
target. The pogtion of the FIB system described in this thess work is marked by a old
circle on the map, with the spectrd brightness determined by the virtud source size
measurement and the possible focused current dendty which could be achieved a the
target. The spectrd brightness of the FIB system is about three orders of magnitude
higher than that of conventiond plasma source. The new FIB sysem with the multicusp
plasma source can achieve dmost the same spectrd brightness as the LMIS can. By
further optimizing the extractor, the extracted current angular density will increase, which
results in a higher spectrd brightness. By further optimizing the ion optics to get a larger
demagnification factor, the focused spot Sze will decresse, which result in a larger

focused current dengity.
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Figure3.11 Comparison of spectra brightness with different ion sources.
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Chapter 4

lon Optics for Maskless, Resistless lon Beam
Lithography System

4.1  Electrostatic lenses

A conventiond optical system conggts of severd rotationdly symmetric (round) lenses
which enable light to be focused and imaged. lon opticdl imaging sysems aso consst of
severd rotationaly symmetric ion lenses that enable the ions to be focused and imaged.
Smilar to a light opticd imaging sysem, the action of the ion opticd sysem is to
trander the ion image from the object plane to the image plane. In the paraxid
goproximation the ion opticd sysem can form an ided and clear image, but when

aberration is present the image is distorted and unclear.
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Figure4l  Theided imaging Gaussan trgectory.?

As shown in Fig. 4.1, the object is a plane z=z, and its Gaussan image plane is
located at z=z, Trgectories passing through the object point intersect a an image point
are independent of there initid dope(Xy’, W'). Thus dl Gaussan trgectories emitted from

an object point P4(Xa,Ya) in the object plane, regardiess of their dope, are focused a a

point image Py(X,, Yb) in theimage plane z=2z,.

4.2  Aberration theory

Rotationdly symmetric dectric fidlds may be generated by sysems of metdlic
electrodes that are rotationdly symmetricd in geometry and configuration and between
which gppropriate voltages are applied. In these dectric fidds, the equd-potentid
surfaces are rotationaly symmetrical curved surfaces, which can be made to focus ion

beams.



4.2.1 Spherical aberration

Figure4.2  Spherica aberration.?

The sphericd aberration stems from a basic property of rotationdly symmetrica fields.
As shown in Figure 4.2, the focusng action of the fidds in the regon father from the
axis is dronger than that in the region nearer to the axis The image postion Z', for the
magind off-axis trgectories will be in front of the Gaussan focus and further from the
Gaussan image plane than the podtion z, for paraxid trgectories. The minimum radius
of the beam ds, which is used to characterize spherica aberration, proportiona to the
third power of the angular aperture a 5 in the object plane.
In dectron or ion opticd imaging devices the ultimate resolution is limited manly by
the sphericd aberration which is the only nonzero geometrica aberration at the axis and

therefore the most harmful. It can be decreased by reduction of a ..
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Figure43  Comaaberration.?

As shown in Fig 4.3, the coma originates from the following fact. In a conica eectron
beam, a series of rays with varying angular aperture will pass those different zones of the
lens which correspond to different foca lengths and will form a series of circles with
different radius. Coma is proportiona both to the first power of the height X, in the object

pane and the second power of the contour radius ry, in the aperture plane.



4.2.3 Fidd curvatureand astigmatism

Figure44  Fidd curvature and astigmatism.?

Firg, the ions from different points with varying haghts x, in the object plane will
travd through different parts of the fidd. Since the focusng action of the fidd in the
region further from the axis will be stronger than that in the region nearer to the axis, the
object point with larger height X, will be convergent to an image point father from the
Gaussan image plane than that object point with smdler height surface, resulting in a
concave image towards the object (Fig. 4.4). Secondly, in the off-axis region, a conicd
beam will experience different focusng action: dong the radid direction passing through
the object, and dong the perpendicular direction. Therefore, the ion beam under two
different convergent conditions will form two separate image surfaces, which are known
as adigmatian. Feld curvature and astigmatism are proportional to both the second
power of the height % in the object plane and the first power of the contour radius § in
the aperture plane.
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4.2.4 Distortion
Digtortion is proportiona to the third order of the height % in the object plane, but is

independent of the contour radius rg in the gperture plane.

4.2.5 Chromatic aberration

Chromatic aberration in light optics arises from the fact that light of different color
(wavelength) is refracted with different strength. In ion optics, the ions passng through a
lens with different energy will be refracted differently. First-order chromatic aberration is
proportional to the fractiond energy spread, DV/V, at the image plane, and to the firg
power of a orr.

In rotationdly symmetric eectron lenses, chromatic aberration cannot be completely
eliminated, but it can be reduced by increasing the accderation voltage, by reducing the

fluctuations in the accd erating voltage and by limiting the aperture.

In summary, geometrica aberrations have a functiond dependence of the form a'r,
where a = beam hdf angle a the image plane, r = off-axis digance a the image plane,
Firg-order chromatic aberration are proportiona to the fractiona energy spread, DV/V, a
the image plane, and to the first power of a or r. Table 4.1 shows the generad form of the
primary aberrations for a shgped beam dectron focusng and deflection system. In this
table, D is the deflection digance and B the shaped beam size a the image plane. The
five aberrations which can be diminated by dynamic correction are shown in bold type in

Table4.1.3



Table4.1 Generd form of the Primary aberrations of a shaped beam focusing and
deflection system. (The terms which can be reduced or iminated by
dynamic corrections are shown in bold type.)

Aberrations Axid Deflection  Shaped Beam Hybrid

Sphericd Ca’ - - -

Aberraions

Coma - Mcoa ’D S.0a°B -

Fidd Curvature - M rca D? S.aB? Hr.a DB

Adtigmatism - M asa D? S.a B2 Hasa DB

Digtortions - M iD® SyB3 (Hair+Haiz)D*B+
(Haiz+Hga)DB?

Chromatic CaDbVvN M DDVN M BDVN -

Aberraions

4.3  Smulation software
Two software packages have been used to design focusing lenses for the maskless,

resstless ion beam lithography system. Oneis IGUN, and the other isMunro’s code.

43.1 IGUN

IGUN is a program for the smulaion of podtive ion extraction from plasma and
performs ray tracing on the extracted ion beams with space charge consideration.* ° It is
based on the wdl known progran EGUN for the cdculation of eectron and ion
trgjectories in dectron guns and lenses® In generd, the simulation of ion-beam formation
comprises four wel diginguishable pats the numericd dable smulaion of the
nonlinear plasma sheath; the solution of Poisson’'s equation for the potentid map using
finite difference method; the integration of ion trgectories under the influence of fidds

derived from the map; and the alocation of space charge to the nodes of the map.
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IGUN takes into account of doba space charge effect. For the last couple of iteration
cycles, the space charges are averaged and recadculate the potentia distribution. lon
temperature effect is added to the smulation by manuadly adding the beam transverse
angle to the beam trgjectories’, as shown in Figure 4.5. Assuming the incident ion energy

is Ep, and the ion temperature is T;, the new transverse angle a can be cdculated usng

_ +tan- 1T
Tilo—a|Ti=0 tan E

the following formula

I-1-O

a

D

Q

Figure45  Addingion temperaiure effect to IGUN smulation.

4.3.2 Munro Code
OPTICS and SOFEM (second order finite dement method) are two of the computer
software packages provided by MEBS Ltd. (England). They can be used to verify and
optimize the optics performance of the focusing lens designed in IGUN.
OPTICS includes programs that can cdculate axid potentid didribution and fidd
digributions in magnetic and eectrodatic lenses and deflectors in eectron beam focusng
and deflection systems. It dso computes the opticd properties and aberrations up to the

third-order of any combination of electron lenses and multipole deflectors® The firg-
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order optical properties such as dectrodatic lens voltages, magnification, deflection
sengtivities and directions for main, sub and tertiary fidd deflections, are computed by
numerical solution of the paraxid ray function. The third-order geometrical aberrations
and fird-order chromatic aberrations are computed by evauating appropriate aberration
integrals involving the paraxid rays

SOFEM computes the potentid digributions of the dectrodatic lenses usng the
Second-Order  Finite Element Method. The fidd computation programs in SOFEM
endble the lens and deflection fidd functions to be computed to a much greater accuracy
than those supplied with OPTICS package. SOFEM package also includes another direct
ray-tracing program SORAY which can be used to compute eectron trgectories through

the lenses using a fourth-order Runge- K utta method.?

L1

D, D> N

1mm
<< >

Figure46  Geometry parameters for optimizing counterbored extraction apertures.
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4.4  Singlelenssystem

In the beam brightness measurement discussed in Chapter 3, Sngle lens system is used.
The geometry of the fird extraction aperture needs to be optimized in order to
minimizing aberrations. Figure 4.6 shows the geometry parameter of a counterbored
aperture. The agpect ration of the beam inlet is fixed at 5, i.e, LL/D1=5. The image plane
is st & 1mm away from the aperture. Smulaions with differet L,, and D, are
performed for D;=50mm, L;=250mm.

Figure 4.7 shows the relationship between aberration and the diameter of the counter-
bored aperture and the thickness of the step. For an extraction aperture of 50 mm, the
spherical  aperture, coma, fidd curvature, agtigmatiam, digtortion, and chromatic
aberration decrease when the diameter of the opening aperture and reaches its minimum
value when opening aperture is 300 mm. The aberration didn’'t change sgnificantly when
the thickness of the second aperture varies. Overdl, for an extraction aperture of 50 mm,
the optimum vaue of the counter-bored geometry is D> = 300 nm, and L, = 300 nm, and
the demagnification is 5", which indicates the Gaussian image Sze is around D mm. The

ovadl bluris4 mm.
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Figure4.7
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The two-lens column shown in Figure 4.8 is very compact with a totd length of about

11 cm. The firg lens of the column serves to extract the ion beam from the plasma

source. The firgt eectrode, with an gperture of 50 mm in diameter, has the same potentia
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as the wall of the ion source. The second dectrode is biased a -1200 V reative to the
fird dectrode. The second is an Einze lens with three eectrodes, which is for focusng
the extracted beam in a decelerate-accelerate mode. The middle electrode of the Einze
lens can be split into to quadrapole eectrodtatic deflector to achieve beam deering in

both x and y directions.

0.5mm 3.0mm 0.75mm 0.75mm 1.0 mm

————— = mm - ——205mm — — =
0.05mmT

0.25mm Imm 0.25mm

Wafer

Figure4.8  Desgn of atwo-lenscolumnfor MRIBL system. (b) Ray tracing
smulations usng Monro's code.
45.1 [IGUN smulation results
Figure 4.9 (a) shows the ion beam trgectories usng IGUN smulaion without taking
ion temperature into account. The current extracted from the ion source is 63 nA.

According to the beam didribution a the focd plane shown in Fig. 49 (b), the beam spot

gzeisaround 30 nm.
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Figure4.9  Ray tracing smulation resultsusng IGUN when T; = 0. (a) lon beam
trgjectories. (b) lon digtribution at the focal plane.

As dated in Section 4.3.1, ion temperature effect can be added into IGUN simulation.
Assuming the ion temperature is 0.1 eV, the transverse haf angle a is gpproximately 44
mrad for the beam a energy of 50 eV. The smulaion result with ion temperature effect

is shown in Fig. 4.10. Large transverse angle leads to more aberration. Himinaing those

large angle beamlets shown in Fig. 4.10(b), the beam size is around 40 nm.
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Figure4.10 Ray tracing amulaion resultsusing IGUN when T, = 0.1 eV.

(& lon beam trgectories. (b) lon distribution at the focal plane.

452 Munro'scode smulation results

Using Munro's code, based on aberration theory, the demagnification of this two-lens
system is 10" with object locating a 1mm away in front of the firs extraction aperture,
and the image system locates 1mm away from the last dectrode. The object Sze used in
the smulation is the diameter of the first eectrode, which indicates that the Gaussan
image Sze is 5mm. However, the overdl blur caculated usng the ABER code is 16 um
which is far gregter than the image Sze itsdf. The only way to reduce aberdion is to
reduce the beam hdf angle. Table 4.2 ligs al aberration vaues with three different beam
angle at the image plane: 75 mrad, 30 mrad, and 10 mrad. When the beam angle reduces

to 10 mrad, the overdl blur decreases from 16 nm to 1.4 mm.
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Table4.2 Munro’' s Smulation results, aberration and beam blur for different

beam angle at the image plane.

angle(mrad) 75.00 30.00 10.00
Spherical (mm) 6.86 0.44 0.02
Coma (mm) 12.04 1.94 0.22
Astigmatism (mm) 8.48 3.40 1.13
Field curvature(mm) 4.23 1.70 0.57
Distortion (mm) 0.84 0.84 0.84
Chromatic (i) 1.13 0.56 0.39
Beam Blur (nm) 16.82 4.33 1.34

Ray tracing smulation is performed usng

SORAY assumes that pardld beams enter

Munro's SORAY package. Unlike IGUN,

the column. Fig. 4.11 shows the current

digribution a the image plane, given by Munro's ray tracing code. From 20% to 80%,

the beam spot Sze is 15 mm, which is less than IGUN predicts. One point is that IGUN

amulates plasma extraction, rather than the assumption of pardld beam incident. The

other point isthat IGUN'’s results included 100 % of the beam.

Current
Contonr
Diagram
20.0 %
E@-0 &
20:8 &
Current
@
E0. 00 um
Figure4.11 lon digtribution at the focd plane given by Munro’s code.



4.6  Beam spot size measur ement
4.6.1 Column fabrication

All the electrodes are made of molybdenum to reduce sputtering. The apertures are
mechanicdly drilled, and are digned usng a Nickon comparator. Picture of column after

assembled isshown in Fig 4.12.

Figure4.12 Picture of the two-lens column for MRIBL system.

4.6.2 Experiment setup and results

The beam spot sSze can be measured as shown in Fig. 4.13. It is very amilar to the
virtud source size measurement described in Chapter 3, except that the knife edge is
located a the focd plane of the beam. According to the current distribution shown in Fig.
4.14, about 73 nA of oxygen ions are extracted from the source and focused down to the
target. The beam spot sze from 20% to 80% is around 25 um. This result matches with
both IGUN and Munro's smulation results very well. Beam exposure results later shown

in Chapter 5 will dso confirm this messurement.
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Figure4.13  Schematic diagram of the beam spot Size measurement setup.
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Figure4.14 Reaultsof the beam spot Size measurement.
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4.7  Improvement of ion opticsdesign

More has to be done for further improving the ion optics design to achieve smaller spot
gze. Fire, by reducing the beam angle, aberration can be decreased sgnificantly, as
discussed in Section 4.5.1. Second approach is to use a smaler extraction aperture. With
the same demagnification factor, smaler image should be obtained.
4.7.1 Adding limiting aperture

A limiting aperture can be added between the two lenses, stopping the large angle ion
beams from reaching the downstream. With an aperture of 100 nm placing at the postion
shown in Fig. 4.15, the aberation reduces from 16 um to 2um. However, such an

gpproach will sacrifice beam current.

iaae — o
(2 < >
| 20mm 0.75mm

Figure4.15 A limiting gperture to reduce aberration.

4.7.2 Reducing size of extraction aperture
With the same ion optics design, ten times smadler spot size could ke achieved if usng
a5 nm extraction aperture. Fabrication of a 5 mm counterbored gperture and maintaining

enough extraction current are the two chalenges.



4.7.2.1 Fabrication of a5 mm counterbored aperture

According to Munro’'s smulation, the optimum desgn for a 5 mm counterbored
gperture design is. D=5 nm, LL,=40 nm, D,=40 nm, L,=40 nm. (The definition of D, L;,
D, and L, are the same as in Fig4.6) Since there is a limitation for mechanica drilling,
microfabrication processes are needed to fabrication such an extraction aperture. The

proposed the process sequences are shown in Fig. 4.16.

PR
SiO,
1. Start with bare silicon wafer,
grow oxide,coat resist.
PR
SiO,
2. Pattern resist, etch oxide.
PR
SiO,
3. Deep etch silicon.
PR
SiO,

4. HF wet etch oxide layer.
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SiO,

5. Strip resist.

SiO;

6. Deep etch silicon.

7. Etch oxide layer.

8. Deposit silicon nitride.

9. Pattern on the back side of the
wafer.

10. KOH etch silicon.




11. Strip silicon nitride layer.

Figure4.16 Proposed process flow for 5mm counterbored aperture fabrication.

4.7.2.2 Extraction current with smaller extraction aperture
< 10 \A\ \‘\.\ J
é \ T
>
Q —&— d=20 mm
9 —e— d=50mm \A
c —aA— d=100 mm
O 1t .
S
o

0 1 2 3 4 5 6 7 8 9
Aspect Ratio

Figure4.17 Dependence of the extracted current density on the aperture aspect ratio.

One quedtion that may be raised is “How much is the current that can be extracted
from a smdler gperture with a high aspect ratio? IGUN smulaion indicates that
actudly the current dendty obtained from a smdler goerture is higher than that from a

larger aperture if their agpect ratios are kept the same. Figure 4.17 shows the relaionship
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of the current density and the aspect ratio for three different gperture sizes 100 nm, 50
mm, and 20 mm. For each aperture, the extracted current dendity decreases with increasing
aspect ratio. However, for the same aspect ratio, (e.g. aspect ratio = 8), the current dengty
extracted from the 20 mm gperture is dmog ten times larger than that from the 100 nmm
aperture.

Fgure 4.18 shows the beam trgectories of the extracted beam for different size
gperture with the same aspect ratio. At the source sde, the equa potentid line tends to
bulge into the extraction gperture. Beams will be bent towards the sdewdl of the
channd. The longer the channe is, the more beams are lost. Therefore, the higher the
aspect ratio, less beams are extracted. However, the equa potentid line at the entrance to

the smaller gperture is flatter than those to larger one, which results in less bending of the

beam. So, fewer beams are lot.

D =100 mMm

D=50mm

D =20 mm

Figure4.18 Beam trgectories smulated by IGUN for extraction aperture of different
Szes.



In the cases discussed above, no bias voltage is applied between the source and the first
extraction aperture. If negative bias voltage is applied on the extraction aperture relative
to the source, the incident ions gan some initid energy before they enters the column.
Less beam bending occurs with higher initid energy. Simulations confirm tha higher

beam injection energy causes less beam lost in the channel, which is shown in Fig. 4.19.
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Figure4.19 Dependence of the extracted current density on the bean injection energy.
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Chapter 5

Maskless, Resistless lon Beam Lithography
Processes

1.5  Production of variousion species

Direct doping of a S wafer with a focused P or BF," beam diminates the necessity of
resst which is conventionally used as a mask for ion implantation. Thin oxide formed by
Hectivdy oxidizing the poly-Si surface with a focused Q" beam can be used as a hard
mask for gate paterning in CMOS device process. Neither a gsencil mask nor resist
materid is needed in such a lithography process. All these require the multicusp plasma
source to produce P*, BF,", and O," beam.

The condtituents of the plasma are ions and dectrons, as wel as un-ionized neutrds. In
generd, most discharges contain not only podtive ions, but dso negative ions. By
changing the polarity of the extraction system, ether podtive or negative ion beams can
be extracted. As shown in Fg. 5.1, Negative ion implantation or depostion reduces
suface charging of the insulated substrate, because the outgoing secondary eectrons
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baance the incoming negative charge of the ions! In FIB lithography application, the
criticd dimenson is less deteriorated by the deflection of charged subdtrate, and an
externd source of dectrons for charge neutrdization is not needed. In this section, both

positive and negative ions production by multicusp plasma source will be presented.

Positive lon Negative lon

Secondary
@ Secondary @ ectrons
Non- lectrons
Charge Charge
balanced balanced

\

Isolated Substrate

Figure5.1 Less surface charging by using negative ions.

5.1.1 Phosphorusions. Py and Py ions (x=1, 2, 3, 4, 5)

To generate phosphorus plasma, vaporization of solid phase phosphorus has been
gudied. A small oven as shown in Fig. 5.2 is atached to the gas inlet on the source back
plate. The oven is heated up to around 425°C to vaporize the sample. Phosphorus vapor is

introduced into the multicusp source to generate phosphorus plasma.



Figure5.2  Picture of smdl oven used to vaporize solid phosphorus.

Figure 5.3 are the mass spectra of phosphorus plasma, for both postive and negative
ions. From Fig 5.3(a), Over 90% of the positive ion species are P'. Less than 7% are P»".
P;" and Py* are less than 1%. On the mass spectrum, the peak of Ar' is due to the residue
argon gas in the source. Argon is used as $art-up gas to warm up the source wall before
phosphorus vapor is injected into the source chamber. It helps to reduce phosphorus
condensation. After stable phosphorus plasma is achieved, argon gas supply will be shut
off. Eventudly dl argon gas in the surce chamber should be pumped away. As shown in
Fig 5.3(b), more negative cluster phosphorus ions such as B, P etc. are produced than

positive ones.
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5.1.2 Boronions. BF" and BF, ions(x=1, 2, 3, 4, 5)

Figure 5.4 are the mass spectra of BF3; plasma for both positive and negative ions. For

positive ions in Fig. 5.4(a), B, BF", BF," ions are mgjor ion pecies. Compared to BF*

and BF,", B is negligible. For negative ions, higher florin content cluster ions are

0



obsarved. This is probably due to the higher dectron affinity with the present of F.

However, BF,™ was not found in the spectrum.
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Figure54  Mass spectraof BF3 plasma. (a) postiveions, (b) negative ions.
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Figure55  Reationship between BF," percentage in a BF3 plasmaand gas pressure,
RF power.

Focused boron ions can be sdectivdy implanted into the S substrate to form ultra
ghdlow junction. The maximum production of sSngle ion pecie is very important to
control critical dimenson and the junction depth profile. Fig. 5.5 shows the relationship
between BF," ion percentage and source power and BFs gas pressure. The BF,"
percentage was measured from different mass spectra at various RF power and BF3 gas
pressure. At 1000W RF power, BF," ion percentage increases from 25% a 5 mTorr to

amost 70% at 25 mTorr; a 6mTorr of BFs gass pressure, BF," ion percentage decreases
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from 50% at 900 W to around 25% at 1500 W. By optimizing the gas pressure and source

power, over 85% of BF," ions can be achieved at 25 mTorr and 900 W conditions.

5.1.3 Oxygen ions. Oy and Oy ions (x=1, 2)

Figure 5.6 is the mass spectra of oxygen plasma for both postive and negeative ions.
For the positive ions, two ion species are produced: O and O,". Adjusting the source
operdion condition, which is sSmilar as that for BF," production, can optimize the
percentage of Q" ions. By increasing the oxygen ges pressure, decreasing the RF power,
and decreasing the gep between RF quatz antenna and extraction aperture, the
percentage of Q" increases. Over 90% of Q" can be achieved. For the negative oxygen

ions as shown in Fig 5.6(b), much more O ions were produced than O;” ions.
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Figure5.6  Mass spectraof Oxygen plasma. (a) positive ions; (b) negative ions.

16 Direct write processes
5.2.1 Direct doping using boron and phosphorous beam

The process of direct implantaion is implant focused BF," or P* ion beams directly
into the dlicon, and then ectivate the dopants by regpid themd anneding. In order to
achieve shdlow p-n junction, low energy boron or phosphorus ions should be used s0
that the dopants won't penetrate too deep into the substrate. Figure 5.7 and Figure 5.8
shows the TRIM? smulation results of implantation profile and ion distribution for 1.0
keV B" and 5 keV P respectively. The energy of BF," beam can be 4 keV, because when
BF," ion reaches S substrate, it bresks up into one boron atom and two fluorine atoms.

Boron atom only carries about 22% of the total energy.
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To confirm this process, 5 keV P' ions was implanted into a p-type slicon subdtrate,
folowed by a repid thema amneding a 975°C for 10 seconds. Rutherford
Backscattering Spectrum shown in Fig. 5.9 was measured before the RTA. Phosphorus
peek in the plot confirms the implantation. The dose derived is about 10™°/cm2. The Hal

effect measurement of the sample shows that the dectron concentration is about 2.5 10'®
%



cm3 and electron mohility is around 200 c?/Vs. The activation is low because there is

no oxide layer to cap the wafer, and phosphorus diffuses during RTA process.

P implanted Si

500

Counts

- | —@— As-implante

- | —©— Anneale
0_ 1 1 1 | | | | | | - 9 o X YT
600 800 1000 1200 1400

Energy (keV)

Figure59  Rutherford backscattering spectrum of as-implanted and anneded S wafer
after doped with 5 keV P" ion beam.

5.2.2 Surface modification using oxygen beam

Sdective oxidation of a S film by AFM lithography has been demondrated to be a
vidble technique for fabrication of 0.1 mm devices® A thin (3 nmr-thick) surface oxide
serves as an etch mask for patterning of the S film, which can subsequently be used as a
mask to pettern underlying films. But the current form an AFM tip is only a pico-ampere
range, the low throughput prevented it from gpplication to massve device fabrication.

Smilar to the low energy boron implantation, when 3 keV O," ion reaches S

substrate, it bresks up into two oxygen aoms. Each oxygen aom carries hdf of the tota
%



energy. Figure 510 shows the TRIM smulatiion results of implantation profile and ion
distribution for 1.5 keV O*. In the smulation, around 20A thick native oxide was taken

into account.
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Figure5.10 TRIM simulation resultsof 1.5 keV O implanted into Si substrate.
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The process of directly oxidizing dlicon or polyslicon surface is as shown in Fg.
5.11. The test wafer was prepared with 1500A-thick poly-Si on top of a layer of thermd
oxide, which is usudly the etch stop in slicon eiching process. Implant O, ions a
energy of 3 keV to form a thin dlicon dioxide layer, which acts as the hard mask in the

following reactive-ion etching process to pattern poly-Si gate.
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a) Start with a bare Si wafer. Grow

thermal oxide as etch stop. Deposit

b) Expose the wafer to focused
O," beam. It forms SiO; at the
poly-Si surface.

c) Use the formed SiO; as
a hard mask, pattern the
poly-Si using dry etch.

Figure5.11 Process flow of direct poly-S patterning using focused O," beam.

In order to consume least oxide mask, limited native oxide breskthrough and slicon
etching with highes S:SO, sdectivity is chosen. As shown in Table 5.1, in the fird
gep, minimum RF power and etching time is used. The RF power applied on the top
electrode is 70 W, and 10 W on the bottom electrode. The gas flow of CF,4 is 100 sccm,
and the chamber pressure is kept around 13 mTorr. Only 5 sec breskthrough time is
enough to drip the native oxide. In the second step, an over-etch step in a conventiona

reective-ion dglicon etching process is adopted. The RF power applied on the top
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electrode is 250 W, and the 120 W on the bottom eectrode. The gas flow of HBr is 200
scem and that of G is 5 scem, and the chamber pressure is kept around 35 mTorr. Poly-

S film with 1500A thickness can be etched within about 20 to 30 seconds.

Table5.1 Recipe for poly-S etch with high S:SO, sdectivity.

Step Native oxide breakthrough S etch

Pressure 13 mTorr 3B mTorr

RF Power 70 W (top), 10 W(bottom) 250 W(top), 120 W(bottom)
Gas CF4 at 100 sccm HBr at 200 sccm, O, at 5 scem
Time 5sec About 20 sec

Since no deflector is induded in the focuang column, lines of SO» is formed smply
by mechanicdly moving the wafer holder. Different dose is obtaned by different
scanning speed. Figure 5.12 and Figure 5.13 shows the patterned poly-S line a two
different doses and their corresponding profiles. In Figure 5.12, the scanning rate of the
sample stage is 100 mm/sec, and the oxygen dose is about 10™°cm. The line width of the
poly-Si after etching is about 11 mm, and its thickness is about 1400 A. In Figure 5.13,
the scanning rate of the sample stage increases to 250 mm/sec, and the oxygen dose is
about 6 10™cm2. The line width reduces to 9 nm and its thickness is only 900 A. Lower
oxygen dose results in thinner oxide layer formed. With less had mask thickness,

thinner paly-Si is achieved.
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Scanning speed:250 nm/s
Dose: 6x 1014/cm2
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Figure5.13  (a) Micrograph of patterned poly-Si features with focused O," beam at
dose of 6" 10*cm®. (b)Profile of the poly-Si line

Poly SiGe is often used as gate materid in MOSFET. Studies of direct pattering poly

SGe have dso been peaformed. Since poly SGe oxidizes faster than poly S, thicker
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native oxide layer is expected. Longer native oxide breskthrough and man dlicon
eiching are necessary to avoid “black glicon idands’. The modified recipe is shown in
Table 5.2. In the breskthrough step, the RF power applied on the top dectrode is
changed to 200 W, and 40 W on the bottom electrode. A 5-sec breskthrough time is
needed to strip the native oxide. A 3sec main etch step is added. The RF power is 300
W on the top and 150 W on the bottom. Cl, flows at 50 sccm, HBr flows at 150 scem,
and the chamber pressure is kept around 12 mTorr. The over etch step is the same as that
for poly-Si. Compare to poly-S patterning, the oxygen dose for patterning is about twice

as high. About 12 mm wide, 1200 A thick poly-SiosGep.2 line is obtained with the

scanning speed of 50 mm/sec.
Table5.2 Recipe for poly-Sip sGep 2 etch with high S:SO- selectivity.
Step Native oxide Main etch Over etch
breakthrough
Pressure 13 mTorr 12 mTorr 35 mTorr
RF Power 200 W (top), 300 W(top), 250 W(top),
40 W(bottom) 150 W(bottom) 120 W(bottom)
Gas CF4 at 100 sccm Cl, at 50 sccm HBr at 200 scem,
HBr at 150 scem, O, a 5 scem
Time 5sec 3 sec About 20 sec

53 SOl MOSFET fabrication using masklessresistlession beam lithography

1. Start with a SOI wafer with 1000A
S on 4000 A buried oxide.

2

2. Thin down the dlicon film by
thermda oxidation. Pattern source and

drain idands.
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3. Grow thin gate oxide and deposit
P-in-situ doped poly-S.

BOX
4. Sdectively oxidize poly-S surface Gate
using focused O2+ beam, pattern
poly-S gate.

BOX

5. Sdectively dope source and drain
using focused P+ beam, RTA, probe
device.

BOX

Figure5.14  Processflow of SOl MOSFET fabrication usng maskless, resstlession
beam lithography.

In order to demongtrate maskless, resstless ion beam lithography process, a SOI
MOSFET is fabricated. The process flow is shown in Figure 514. A SOI wafer with

1000A slicon film on top of 4000 buried oxide is thinned down by therma oxidation.
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After four cycles of oxidation at 950°C for 70 minutes followed by HF oxide etch, about
300 A of slicon is left. Source and drain areas are directly patterned using focused
oxygen beam at dose of about 10*/cn? (stage scanning speed of 500 um/sec). About 80
A of gate oxide is grown a 900°C for 12 minutes. About 1200 A of phosphorus in-situ
doped poly-S film is deposted on afterwards. Then, the wafer is exposed to focused
oxygen beam to form oxide hard mask. After the gate is patterned, focused phosphorus
ions is used to dope both source and drain area. Findly, rapid themd anneding is
performed to active the dopants, followed by the HF dip to remove any remaining oxide

film. The pattered device is shown in Figure 5.15. During al the processes, neither mask

nor ress isinvolved.

. Dran

Figure5.15 Micrograph of patterned SOl MOSFET.
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Chapter 6

Multiple Focused lon Beam System

Exposure throughput is dways an issue for both dectron beam and ion beam
lithography system. In order to process sixty 300-mm-diameter wafers per hour, multiple
beamlets system is one of the promising solutions.

Figure 6.1 shows the schematic diagram of a multiple focused ion beam sysem. A
multicusp plasma ion source is employed to generate the desired ion species, such as O,
BF.", and P ec. As mention in Chapter 2, this type of source can generate uniform and
large area plasma, therefore, only one source is needed to generate multiple beams. A
dack of eectrodes with multiple apertures act as extractors and focusing lens to extract
the beam from the source, accelerate to certain energy, and then focus to a smal beam
gze a the target. Individua beamlet can be switched off smply be applying +30V on the
extraction dectrode relative to the source! The middle dectrode of the Enzd lens can be

gplit asshown in Fig 6.2 to act as a deflector.
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Figure6.2  Deflector eectrode.

107



To the first order, the amount of current required to expose an entire wafer in an

dlotted time can be caculated using the following formula:

| - Areag o5 XD0OSE

'I'|meexpose

For sdective surface modification and direct doping, the dose requirement is on the order
of 10™/cn?. In order to directly write a 300-mm wafer (assuming 50% of the area is
exposed) in 60 seconds, the total current of 0.94 mA will be required. The total number
of columns needed depend on the amount of current that can be delivered to the target
plane for each beamlet. As dated in Chapter4, for each beamlet, it is not difficult to
achieve a current density of 10A/cnt at the target. If the beam spot size is 50 nm, the

current available for each beamlet is 196 pA. Therefore, totd of aound 4 million

columns are needed to fulfill the throughput. 2
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Figure6.3 Layout of multiple beamlets.
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Fig 6.3 shows the layout of multiple beamlets. 2190° 2190 beams are arranged in a way
as shown in the plot. The gap between each adjacent beamlet is 150 nm, and 2190 beams
cover a spatid dimension of 300mm. It turns out the each beamlet only needs to cover an
area of 150 nm~ 150 nm. Beams are deflected in one direction, and the substrate itsdf is
scanned in the perpendicular direction. With an individud beam current of 196 pA, it will
take approximately about 16 ns to expose a 50 nm spot. Each beamlet scans a tota length
of 150 mm in 50 nm deps and will take 48 ms to complete a full sweep. The beam
switching rate must be on the order of 62.5 KHz in order to turn the beam on or off with
each 16 ns exposure.

All the data rates calculated above seem to be achievable. However, ill a lot of
chdlenges exig to fulfill multiple beamlets, which are listed as follows

1. Four million is a huge number. Fabricating a dtacking column with such a huge
amount of gperturesis not easy.

2. To ensure good dignment for dl the four million columns is a tough job, unless
sdf-dign fabrication technique is adopted.

3. The aperture sze of each dectrode is limited to a least 75 mm, which is hdf of
the distance of the adjacent beams. Therefore new column ion optics design that
takes this into account needs to be performed.

4. A lot of efforts have to be devoted in developing the circuits to control the beam
switching and beam steering.

All these indicate that it will be more precticd if the totd number of beamlets can be

reduced. If the focused current density of each beamlet increases by a factor of hundred,

the total number of beamlets will reduce to around 40000. In this @se, with an individud
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beam current of 19 nA, it will take gpproximatey about 160 ns to expose a 50 nm spot.
The beam switching rate must be on the order of 6.25 MHz in order to turn the beam on
or off with each 160 ns exposure. The gap between each adjacent beamlet is 1.5 mm Each
beamlet scans a totd length of 1.5 mm in 50 nm steps and will take 4.8 ms to complete a
full sweep. Larger distance between two adjacent beamlets relieve some of the condraint
of ion optics dedgn, however faster control circuit and subdstrate stage with faster

scanning speed are required. A comparison of these two cases is summarized in Table

6.1.
Table6.1 Comparison of two microcolumn arrays.
2190 2190 array 219 219 array
Current of each beam 196 pA 19.6 nA
Time to expose each pixe 16 ns 160 ns
Switching rate 62.5 kHz 6.25 MHz
Distance of adjacent beam 150 nm 15mm
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Chapter 7

Conclusion

In concluson, maskless, resdless ion beam lithography is one of the promisng
techniques for sub-100nm lithography. A comprehensve study has been carried out in
this thess work in the following topics choice of ion sources, improvement of the
brightness of the ion source, desgn and testing of an dl-dectrodtatic accelerating column
for ion extraction and focusing, process development for direct doping using BF," and P
ions, process development of direct patterning of dglicon film usng focused oxygen

beam, and fabrication of a SOl MOSFET using maskless, resistless patterning technique.
7.1  Contributions

Multicusp plasma ion source has been shown to be promisng for maskless, resstless
ion beam lithography. It can generate uniform, large area plasma so that only one source
is needed to produce thousands or millions of beams to enhance throughput. It can

generate ion beams of various eements, which makes resistless processing posshble. The

11



low axid energy spread results in low chromatic aberration in ion optics, which eases the

design of low energy ion beam focusing lens.

The mass spectra of both postive and negative ions have been measured for
phosphorus, BF; and oxygen multicugp plasmas. More varieties of negative ions were
observed in both the Phosphorus plasma and BF3 plasmas. Over 90% of P' ions have
been achieved. Increasng the gas pressure and decreasing the source power can
maximize the production of BF;" and O,". With optimization of source operation

parameters, around 85% of BF," and over 90% of O," have been achieved.

The messured spectral brightness of this ion source is better than 10° A/cnPASrAeV at
beam energy of 600eV, which is about two orders of magnitude higher than thet of the
conventiona plasma sources. The brightness of the ion beam extracted from a multicusp
ion source can be high if it is operated in the inductively coupled mode and if the beam
extraction system is optimized to reduce aberrations. For a 7.5-cm-diameter source with a
50-mm counter-bored extraction aperture, the measured brightness (440 Alcn’Sy) is
ggnificantly higher than in previoudy reported work. Additiond increases in RF power
a wdl as improved source desgn ae beng invedigated to further improve the

brightness in order to meet the requirement of 1000 A/cn?S for  high-throughput

measkless lithography.

An dl-eectrostatic accelerator column has been designed to extract Q" ions from the
source and accelerated to 3 keV. 73 nA of O;" ion beam can be extracted from the source
usng such a column. Numericd andyses usng both IGUN and Munro's code have

shown that the demagnification factor of this two-lens system is 10", however, due to
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aberraion limitation, the find beam spot size is around 16 nm (corresponding to a 3
demagnification). Experiments show that the beam spot size from 20% to 80% is around
25 mm, which maiches with the smulation results very wel. Further reducing the beam
haf angle by placing a limiting gperture between the two lenses can decrease the

aberration sgnificantly.

It has been demonstrated that focused P* ions can be directly implanted into slicon at
dose of 10'® cm?, resulting electron density of 2.5" 10'® cm® and mohility of 200 cn?/Vss.
The process for direct patterning using focused O, ion beams has adso been
demonstrated. At a dose of 10™°/cn?, focused G ion beams can be used to sdectively
foom a thin surface oxide film, which saves as a had mask for peatterning the
underlaying S film. A SOl MOSFET device has been successfully fabricated using the

maskless, resistless lithography to pattern gate eectrode and form source/drain region.

A mutiple-beam sysem can be built by sacking multi-aperture, € ectrode-insulator
dructure 0 that each beam is accderated with the same dectrode potentias. Pardld
processing with multiple beams can gregtly enhance the throughput of a FIB lithography

sysem.

7.2  Suggestionsfor futurework
Much remans to be investigated and improved. Further improvement of column
design is needed to achieve smdler beam spot Sze adding a limiting gperture to reduce

aberration, and fabricating an extraction agperture of 5 nm and smdler. Brightness needs

to be measured for the source with externa antenna. Switchable extractor system needs to
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be invedtigated to demongrate multiple beam feadbility. Beamto-beam interactions must
be analyzed to make sure no cross talk between adjacent beamlets. Other gpplications, for
example, copper depodtion and removd, can be investigated using maskless, resstless

ion beam systems.
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